the relentless accumulation of extracellular matrix (ECM), which leads to widespread glomerular sclerosis and interstitial fibrosis [3] . Several lines of evidence [4] have revealed critical roles of transforming growth factor-beta-1 (TGF-β1) during the progression of DN: (1) TGF-β1 expression is upregulated by glucose and promotes ECM accumulation in mesangial cells; (2) TGF-β1 expression levels are markedly increased in mesangial areas in animals and in patients after the onset of DN [5] ; and (3) neutralization of TGF-β1 actions with a specific antibody suppresses kidney hypertrophy and sclerosis in vivo [6] . Thus, TGF-β1 is now considered to be a key factor that can aggravate DN.
Hepatocyte growth factor (HGF) was originally identified as a potent mitogen for mature hepatocytes [7] , and was later recognized to have the same effects on renal tubular cells [8] . In the kidney, HGF accelerates renal tubular repair after the onset of acute renal failure, with rapid recovery of tubular morphology and function [9] . Administration of exogenous HGF prevented renal dysfunction and chronic mesangial injuries in a murine model of chronic renal disease, and had therapeutic effects on ESRD [10] . While considerable attention has been given to the effects of HGF in mesangial cells, it remains unclear whether HGF has similar effects on chronic interstitial injuries. Therefore, the aim of this study was to investigate the roles of HGF in fibroblast lesions exposed to high glucose concentrations. Our data suggest that HGF is an effective antifibrogenic factor that can decrease TGF-β1 production and collagen biosynthesis.
MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle medium (DMEM) was purchased from Gibco BRL (Gaithersburg, MD, USA). 
Preparation and characterization of human fibroblast cultures
Primary cultures of kidney fibroblasts were generated using established methods with some modifications [11, 12] . Briefly, the kidney medulla was dissected from the cortex, diced, and digested in a collagenase solution (0.1%) (Shanghai Institute of Pharmaceutical Industry, China) for 30 minutes at 37°C in a water-bath rocker. The enzyme reaction was terminated by adding horse serum. The tissues were centrifuged for 5 minutes at 1,000 revolutions/min. After washing twice in phosphate-buffered saline, the fibroblasts were grown in serum-free DMEM. Cells were incubated at 37°C in a humidified atmosphere of 95% air/5% CO 2 . After 24 hours, the medium was replaced with DMEM supplemented with 10% fetal bovine serum. Every 2 days, the medium was replaced with fresh medium. When cells reached confluence, they were passaged by trypsinization, resuspended, and replated. The passage number was monitored.
These cells exhibited fibroblast-specific characteristics on immunohistochemical and morphologic observations ( Figure 1) . Briefly, the fibroblasts were positive for vimentin and fibronectin expression, but negative for the expression of cytokeratin.
In vitro experimental design
The cells were seeded in six-well tissue culture plates. After reaching confluence, the medium was replaced with fresh serum-free DMEM for 24 hours because all of the cells were in quiescent states. In the high-glucose groups, D-glucose was added to the medium at a concentration of 25 mmol/L. The concentration of glucose in the control group was 5.5 mmol/L. At the same time, we used mannitol as an osmolarity control (5.5 mmol/L glucose + 20 mmol/L mannitol). The osmolarity was the same as that in the high-glucose group. The medium was changed every 2 days in each group. Cells were then collected at 6, 12, 24, 48 and 96 hours from each experimental group to measure collagen III biosynthesis, and HGF, c-Met and TGF-β1 mRNA and protein levels. Each experimental condition was tested in six replicate wells and the mean was taken to represent an individual experiment.
To examine the effects of HGF on fibroblasts, human recombinant (rh) HGF (R&D Systems Inc.) was added to the high-glucose medium at concentrations of 25, 50, 100 or 200 ng/mL. To investigate the role of transcription and protein synthesis of TGF-β1 induced by HGF, cells were pretreated with or without HGF for 48 hours. To evaluate the ECM of fibroblasts, type III collagen secretion was measured in the supernatants of cultured cells. Each experimental condition was tested in six replicate wells and the mean was taken to represent an individual experiment.
Effects of glucose concentrations on expression of HGF, TGF-b1 and c-Met mRNA
After the cells had reached confluence under serum stimulation, RNA was extracted from cells using RNAzol. The levels of HGF and its receptor c-Met mRNA were measured by reverse transcriptionpolymerase chain reaction (RT-PCR). Glyceraldehyde 3-phosphate dehydrogenase was used as the normal control. The primers are shown in Table 1 [13] .
RNA was quantified by measurement of the ultraviolet absorbance at 260 nm and its purity was assessed by measuring the optical density ratio at 260 nm and 280 nm. First-strand cDNA was synthesized using 2 μg of total RNA isolated from cells by reverse transcription with random primers at 37°C for 1.5 hours, in accordance with the manufacturer's instructions. The cDNA was then amplified with specific primers designed for human HGF, c-Met and TGF-β1. The HGF gene was amplified for 35 cycles of 1 minute at 94°C, 1 minute at 48°C and 1 minute at 72°C. c-Met was amplified for 35 cycles of 1 minute at 94°C, 1 minute at 48°C and 1 minute at 72°C. The TGF-β1 gene was amplified for 35 cycles of 1 minute at 94°C, 40 seconds at 54°C and 40 seconds at 72°C. The amplification products were electrophoresed on 1.5% agarose gels and stained with ethidium bromide. Quantitation was carried out by scanning and analyzing the intensity of the band signals using the FR200 instrument (Shanghai FuRi Institute of Biotechnology, Shanghai China), installed by Smart View analysis software (OPTON Co., Germany).
Type III collagen secretion
The level of type III collagen was determined using an ELISA following the manufacturer's protocol. At the end of the procedure, the reaction was stopped and the optical density of each well was determined at 492 nm using an automated microplate reader. The results of the assay were compared as the mean of duplicate samples against a 10-point standard curve.
Protein HGF secretion
HGF protein levels were determined by an ELISA (R&D Systems Inc.). The kit utilizes a sandwich method consisting of three antigen-antibody reaction steps. Briefly, a monoclonal antibody specific to human HGF was coated onto 96-well microplates. Fifty-microliters of standard human HGF or culture supernatant samples were added to the wells and were incubated for 2 hours at room temperature. After washing three times with phosphate-buffered saline, 200 μL of an enzymelinked polyclonal antibody specific to human HGF was added and the plates were incubated for another 
Protein c-Met and TGF-b1 secretion
The samples were solubilized with lysis buffer at 4°C for 10 minutes, and the lysates were collected after centrifugation at 13,000g at 4°C for 10 minutes. The protein concentration was then determined using Bradford's assay. Samples were heated at 100°C for 3 minutes before loading and separated on a 7% SDS-PAGE gel. The proteins were electrotransferred to a PVDF (polyvinylidene fluoride) membrane. Nonspecific binding to the membrane was blocked with 2% milk and the membrane was incubated overnight at 4°C with specific anti-human TGF-β1 antibodies or c-Met antibodies, followed by incubation for 1 hour at room temperature with the secondary IgG conjugate. The signals were visualized using the ImageJ system (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis
All data are expressed as mean ± standard deviation. Groups were compared using unpaired t tests. Statistical significance was considered at p < 0.05.
RESULTS
Effects of high glucose on secretion of collagen III
The secretion of collagen III was increased in response to the high-glucose medium (25 mmol/L glucose) at all three time points (24, 48 and 96 hours), and peaked at 96 hours with a 3.2-fold increase compared with that observed in the control groups (5.5 mmol/L glucose), as shown in Table 2 . Although a similar trend was observed in the mannitol group, the difference across the three groups remained statistically significant. These data suggest that at least part of the observed increase in collagen III levels is due to the cellular response to higher osmolarity induced by higher concentrations of mannitol or glucose.
Effects of high glucose concentration on gene expression of TGF-b1, HGF and c-Met
RT-PCR and a Smart View algorithm were used to quantify the mRNA levels of TGF-β1, HGF and c-Met at 6, 12, 24, 48 and 96 hours after exposure to the control, high glucose or mannitol conditions, as shown in Figure 2 . In the TGF-β1 study, the expression of TGF-β1 was increased in a time-dependent manner across the five time periods. No difference among the three groups in TGF-β1 mRNA was observed at 6 or 12 hours. However, a > 2-fold increase in TGF-β1 mRNA was recorded at the remaining three time points and peaked at 96 hours, which was associated with the greatest difference between the control and highglucose groups (43.5 ± 3.42 vs. 103.7 ± 6.21, respectively). Figures 2B and 2C demonstrate the biphasic mRNA expression profile of HGF and c-Met. A peak in HGF mRNA expression, which represented almost a 3-fold increase, was observed as early as 12 hours in the high-glucose group. This overexpression then gradually declined and returned to the baseline level at 96 hours. Although slightly delayed, a parallel peak corresponding to a 2.75-fold increase in c-Met gene expression was found 24 hours after high-glucose induction.
As discussed above, medium rendered hypotonic by mannitol or glucose can lead to increases in osmolarity. This factor might alter the expression pattern and partially contribute to the overexpression of these 
Effects of high glucose on protein expression of HGF, TGF-b1 and c-Met
We measured the expression level of HGF protein using a commercially available ELISA kit. As shown in Table 3 , the level of HGF protein reached a peak only 12 hours after high glucose induction, corresponding to nearly a 20% increase. The HGF protein level returned to baseline within 96 hours. We also measured the protein expression level of TGF-β1 and c-Met using Western blotting. Under the high glucose condition, TGF-β1 protein increased by 2.1-fold compared with that in the control group at 48 hours ( Figures 3A and 3B) , an observation similar to previous studies [13] , and this increase continued to 96 hours ( Figure 3A) . On the other hand, c-Met protein expression began to increase at 12 hours in the high-glucose group ( Figure 4A ), and reached a peak at 24 hours ( Figures 4A and 4B ).
Exogenous HGF inhibits TGF-b1 expression in fibroblasts
To determine the preventive role of HGF on fibroblasts, we examined whether rhHGF affects TGF-β1 mRNA and protein expression. The addition of various concentrations of rhHGF into the high-glucose media dose-dependently repressed the glucose-induced increase in TGF-β1, with a strong correlation coefficient (r = −0.8726, p < 0.01; Figure 5 ). This study also revealed that 50 ng/mL of rhHGF was sufficient to reduce TGF-β1 expression by 50% (p < 0.05).
Next, we examined the effect of different concentrations of rhHGF on the protein levels of TGF-β1 using Western blotting. Consistent with a decrease in TGF-β1 mRNA, suppressed upregulation of TGF-β1 was found in response to rhHGF administration.
Exogenous HGF modulates collagen III secretion in fibroblasts
Finally, we investigated the effect of 50 ng/mL rhHGF on ECM accumulation using type III collagen as the surrogate marker. An ELISA was used to quantify collagen III expression in fibroblasts under various culture conditions, and a significant difference was observed at 48 and 96 hours ( Table 2) .
DISCUSSION
Diabetes is the leading cause of ESRD in many developed countries and DN has emerged as an unseen epidemic worldwide [1] . Although the mechanisms accounting for kidney failure in diabetes remain controversial, clinical studies imply that tubulointerstitial lesions show the strongest correlation with renal failure in DN [5] . The tubulointerstitium of the diabetic kidney has become a major research focus. In particular, in vitro studies [2] 
TGF-β1
High glucose Mannitol observation of cellular interactions within the tubulointerstitial compartment, and that it is an important site of action for renoprotective therapies in diabetic kidney disease. We developed a cell culture system for human kidney fibroblasts in which we could test the effects of high ambient glucose levels on growth factor biosynthesis. Fibroblasts constitute the major cell type in the interstitium, where they interconnect with tubules, vessels and each other to provide a scaffold-like structure. The aim of this research was to study the effects of high glucose on kidney interstitial fibroblast cells.
Figure 3. (A) Time-course of transforming growth-factor-beta-1 (TGF-b1) protein expression. TGF-b1 expression began to increase after 24 hours in the high
Our study shows that the expression of HGF and its receptor c-Met was increased in fibroblasts in the early stage of culture in high glucose concentrations. As a result, we began by investigating the relationship between HGF/c-Met and high glucose. Although the molecular mechanism responsible for the stimulation of HGF/c-Met expression at high glucose concentrations within fibroblasts is unknown, increased osmolarity owing to hyperglycemia appears to be one of the important contributing factors. However, a significant difference between the mannitol and glucose groups, in which osmolarity was comparable, implies the presence of other mechanisms. One popular hypothesis is the cytokine theory, which proposes that cytokines and growth factors, including interleukin-1, interleukin-6, and HGF itself, can upregulate HGF/ c-Met expression in cell culture systems [7, 8] .
Emerging evidence [13, 14] suggests that the HGF/ c-Met axis is an important component of the intercellular signaling pathway that controls the growth and differentiation of diverse types of cells. HGF not only promotes tissue repair and regeneration following acute injury, but also modulates the development and progression of chronic diseases that are characterized by progressive tissue fibrosis [15] . Autocrine HGF/ c-Met signaling may also occur in other cell types within the kidney during development, as exemplified in embryogenic mesenchymal cells where the c-Met receptor and HGF are co-expressed [16] . HGF exerts mitogenic, motogenic and morphogenic effects on renal epithelial cells to promote epithelial cell regeneration and reconstitution of damaged tubules. HGF also stimulates the gene expression of fibronectin, a major component of the ECM, suggesting that it may modulate matrix remodeling and lead to the restoration of a normal extracellular environment [17] . Although the exact mechanisms underlying the preventive effects of HGF in diabetic renal fibrosis remain uncertain, some researchers have suggested that HGF might attenuate fibrosis by suppressing plasminogen activator inhibitor, an inhibitor of ECMdegrading enzymes. Consequently, tubulointerstitial fibrogenic events [14] , including overexpression of TGF-β1, fibroblast hypertrophy and overactive ECM deposition, were inhibited in diabetic fibroblasts and appear to mitigate the fibrosis phenotype.
The progression of chronic kidney disease is characterized by the persistent accumulation of ECM, a predisposition of widespread tissue fibrosis. Previous studies [13, 18] have revealed that high glucose concentrations can stimulate the expression of various matrix components at the mRNA and protein levels. In diabetic kidneys, the synthesis of collagen III, collagen IV, fibronectin, and laminin is increased, of which collagen IV overexpression can be abolished by HGF in cultured human mesangial cells [19] . To determine the effects of HGF on matrix protein overproduction, we added various concentrations of rhHGF to cultured renal fibroblasts exposed to hyperglycemic conditions and found decreased expression of collagen III, indicating that HGF may prevent fibrosis by suppressing ECM expression. It is known that the expression of HGF/c-Met in a high-glucose concentration environment is time-dependent. The activation of HGF/c-Met expression usually takes place within 12-24 hours of exposure to high glucose. After this period, a timing preceding and paralleling significant renal hypertrophy is found [14] . After 24 hours, the expression of HGF/c-Met is suppressed while the expression of TGF-β1 is increased. This profile is known to stimulate renal interstitial fibroblasts and glomerular mesangial cells to undergo myofibroblastic activation [20] , as characterized by the induction of α-smooth muscle actin expression and overproduction of ECM components. TGF-β1 also induces the tubular epithelialmesenchymal transition [19] , a phenotypic conversion that plays a critical role in generating matrix-producing effector cells. In addition, TGF-β1 is able to induce kidney cells to undergo apoptosis [21] , leading to capillary loss, and tubular atrophy. Such broad actions of TGF-β1 will eventually lead to tissue fibrosis [22] . In our study, high glucose induced the expression of steady-state mRNA and protein levels of TGF-β1 after 48 hours in the high-glucose condition.
Finally, it is important to discuss the cause-andeffect relationship between the reciprocal expression pattern of HGF and TGF-β1 in vitro. HGF-mediated inhibition of TGF-β1 expression has been consistently reported in many studies utilizing various models of chronic kidney disease, which may provide an explanation for its therapeutic efficacy [16, 23, 24] . Recent studies using human mesangial cells have also demonstrated that HGF can suppress TGF-β1 expression induced by a high concentration of glucose [14] . HGF also represses TGF-β1 production [25, 26] . Thus, in our study, it seems that HGF alters TGF-β1 regulation at multiple levels. HGF suppressed the expression of TGF-β1 after 48 hours. Furthermore, HGF decreased TGF-β1 mRNA in a dose-dependent fashion, and HGF abolished TGF-β1 protein expression. Therefore, we believe that during the rapid progression to high glucose, the earlier increase in expression of HGF/c-Met in fibroblasts is a beneficial effect.
In vitro studies have revealed that HGF specifically counteracts many profibrotic actions of TGF-β1, suggesting that the balance between HGF and TGF-β1 may play a decisive role in the pathogenesis of chronic renal fibrosis [27] . Broadly, HGF and TGF-β1 function as the Yin and Yang of tissue fibrotic signals and elicit opposite effects [23] . Therefore, disturbance of the balance between HGF and TGF-β1 activities will eventually cause disastrous consequences.
If the injurious stimulus is transient, such as that after an acute insult, HGF signaling will dominate and prevail, resulting in tissue repair and regeneration, perhaps leading to complete recovery. On the other hand, if the injury is chronic in nature, such as prolonged exposure to high glucose, a potential mechanism for regulating the balance may involve TGF-β1 expression, which progressively increases throughout the course of the injury, whereas HGF levels initially increase but gradually decline, possibly due to inhibition by TGF-β1. Thus, the net effect after chronic injury is to shift the balance between TGF-β1 and HGF, to favor the profibrotic TGF-β1. Accordingly, the duration of injury seems to determine the ratio of TGF-β1 and HGF, and thereby the ultimate outcome of the tissue responses. Taken together, we hypothesize that there may be reciprocal mechanisms, based on TGF-β1 and HGF expression, that regulate the progression of glomerular and tubulointerstitial fibrosis in chronic renal diseases and that administration of HGF may offer a novel molecular pathogenesis-based strategy to limit renal fibrosis. Alternatively, novel specific approaches that enhance or sustain endogenous HGF production could be developed to limit TGF-β1 overexpression and protect against chronic renal failure.
In summary, HGF exerts its antifibrotic actions by precisely targeting cellular processes that are essential for renal fibrogenesis. The balance between TGF-β1 and HGF seems to play a critical role in determining whether the injured tissues undergo recovery or fibrogenesis.
